Humans and animals form internal representations of external space based on their own body movement (dead reckoning) as well as external landmarks. It is poorly understood, however, how different types of information are integrated to form a unified representation of external space. To examine the role of dentate gyrus (DG) in this process, we conducted physiological and behavioral experiments using Bax knockout (Bax-KO) mice in which newly generated granule cells continue to accumulate disrupting neural circuitry specifically in the DG. Unlike in wild-type (WT) littermates, spatial firing of hippocampal neurons was completely dissociated from a distinct visual cue and instead, tended to stay constant relative to the recording room in Bax-KO mice. Behaviorally, whereas spatial learning was intact in conventional spatial reference memory tasks, Bax-KO mice were impaired in finding a target location based on visual landmarks when target locations predicted by dead reckoning and visual landmarks were made incongruent. These results provide converging evidence for the role of DG in binding animal's internal spatial map with the sensory information on external landmarks in building a distinct spatial representation for each environment.
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Hippocampal neurons across different subregions show locationspecific discharges in rodents (''place cells'') (O' Keefe and Dostrovsky 1971; Jung and McNaughton 1993) , suggesting that allocentric spatial maps of external environments (cognitive maps) are represented in the hippocampus (O'Keefe and Nadel 1978) . Discharge locations of place cells are controlled by external sensory cues, especially by distal visual cues, indicating that hippocampal spatial firing can be driven by external sensory information. On the other hand, place cell activity can be maintained in the absence of external sensory information, indicating that the information derived from the animal's own body movement is also sufficient to drive hippocampal spatial firing (O'Keefe and Nadel 1978; Redish 1999) . These results indicate that hippocampal spatial representations are constructed from diverse sources of sensory information, which is consistent with a large body of behavioral studies demonstrating the capability of humans and animals in keeping track of their spatial positions based on idiothetic as well as allothetic cues (O'Keefe and Nadel 1978; Gallistel 1990; Redish 1999) . It is currently unclear, however, how different types of sensory information are integrated to form a unified representation of external space.
In the present study, we focused on the potential role of the dentate gyrus (DG) in integrating incoming sensory information in constructing internal spatial representations, which is suggested by anatomical and physiological studies. Characteristics of grid cells in the medial entorhinal cortex (EC) (Hafting et al. 2005; Sargolini et al. 2006 ) suggest representation of internally generated (i.e., dead reckoning-based) spatial maps in this brain structure. By contrast, neurons in the lateral EC show little spatially selective firing (Hargreaves et al. 2005) , suggesting the segregation of spatial and nonspatial information processing in the EC (Redish 1999; Knierim et al. 2006; Kerr et al. 2007 ). Because medial and lateral EC inputs converge in the DG and CA3, it has been proposed that internally generated spatial maps are associated with the sensory information on external landmarks in the DG-CA3 network, forming a distinct spatial context for each environment (Redish and Touretzky 1997; Hafting et al. 2005; O'Keefe and Burgess 2005; Knierim et al. 2006; Witter and Moser 2006; Gorchetchnikov and Grossberg 2007; Leutgeb and Leutgeb 2007) . To test this hypothesis, we conducted physiological and behavioral experiments using Bax knockout (Bax-KO) mice, in which newly generated granule cells progressively accumulate disrupting neural circuitry (reductions in dendritic arborization of DG neurons and synaptic contact ratio of mossy fibers with CA3 dendritic spines), synaptic transmission (altered input-output relationship in mossy fiber-CA3 pyramidal cell synapses), and synaptic plasticity (reduced long-term potentiation in EC-granule cell and mossy fiber-CA3 pyramidal cell synapses) specifically in the DG and its output projections to CA3 (Supplemental Text Section 1; Supplemental Fig. S1 ; Sun et al. 2004; Kim et al. 2009 ). Bax-KO mice are different from DG-lesioned or DG-inactivated animals in that incoming sensory information is processed in the DG and transmitted to CA3. Bax-KO mice are also different from recently reported animal models lacking an N-methyl-D-aspartate (NMDA) receptor subunit in the DG (McHugh et al. 2007; Niewoehner et al. 2007) in that not only synaptic plasticity but also neural circuitry and synaptic transmission are abnormal. In this respect, Bax-KO mice provide a unique opportunity to examine consequences of disrupted information processing in the DG. Exploiting these features, we compared hippocampal neuronal activity and spatial learning of Bax-KO mice with those of wild-type (WT) littermates (control).
Results

Characteristics of neuronal discharge
EEG and single unit signals were recorded from the DG and CA1 of 14 WT littermates and nine Bax-KO mice (6-8 mo old). Average running speed during the recording sessions was slightly higher in Bax-KO mice (n = 33 and 29 sets of three daily sessions for control and Bax-KO mice, respectively; two-way ANOVA, main effect of genotype, F (1,60) = 9.345, P = 0.003; Fig. 1A ), but this difference did not affect the subsequent analysis results; similar results were obtained after matching average running speeds of the two groups (data not shown). The distribution of relative u EEG power was significantly different between the two genotypes in the DG: Bax-KO mice had a stronger low frequency component (6-9 Hz) (n = 13 for both genotypes, three daily sessions were combined; t-test, t (24) = À4.621, P < 0.001), but a weak high frequency component (9-12 Hz; t-test, t (24) = 2.759, P = 0.011; Fig. 1B ). No significant difference in the distribution of u power was observed in CA1 (n = 20 and 16 for control and Bax-KO mice, respectively; t-test, 6-9 Hz: t (34) = À0.635, P = 0.530; 9-12 Hz, t (34) = 0.773, P = 0.445; Fig. 1B) . The average firing rate of granule cells was also higher in Bax-KO mice (n = 34 and 30 neurons for control and Bax-KO mice, respectively; two-way ANOVA, main effect of genotype, F (1,62) = 11.747, P = 0.001; Fig. 1C ), but the average firing rate of CA1 neurons was similar between the two genotypes (n = 46 and 51 neurons for control and Bax-KO mice, respectively; two-way ANOVA, main effect of genotype, F (1,95) = 0.067, P = 0.797; Fig.  1C ). These results indicate that abnormal accumulation of granule cells in Bax-KO mice induced global changes in basic physiological characteristics in the DG, but not in CA1.
Characteristics of spatial firing also differed between control and Bax-KO mice. Both CA1 complex spike cells and dentate granule cells recorded from Bax-KO mice tended to show less focused, scattered firing over the recording arena ( Fig. 2A,D) . This was reflected in low spatial information content per spike (twoway ANOVA, CA1: main effect of genotype, F (1,95) = 53.808, P < 0.001; DG: main effect of genotype, F (1,62) = 34.67, P < 0.001; Fig.  1D ), low in-field/out-field firing ratio (only those neurons with ''place fields'' were analyzed; t-test, CA1, control: n = 33, 28, and 27, Bax-KO: n = 32, 21, and 31 for sessions 1, 2, and 3, respectively; t (63) = 4.796, P < 0.001; t (47) = 3.283, P = 0.002; and t (56) = 3.769, P < 0.001 for sessions 1, 2, and 3, respectively; DG, control: n = 28, 19, and 18, Bax-KO: n = 12, 14, and 11 for sessions 1, 2, and 3, respectively; t (38) = 2.036, P = 0.049; t (31) = 2.904, P = 0.007; and t (27) = 2.820, P = 0.009 for sessions 1, 2, and 3, respectively; Fig. 1E ), and the tendency for smaller place field size (t-test, CA1: t (63) = 3.130, P = 0.003; t (47) = 3.273, P = 0.002; and t (56) = 4.003, P < 0.001 for sessions 1, 2, and 3, respectively; DG: t (38) = 2.568, P = 0.014; t (31) = 1.820, P = 0.078; and t (27) = 0.764, P = 0.452 for sessions 1, 2, and 3, respectively; Fig. 1F ) in Bax-KO mice.
Dependence of spatial firing on sensory cue
Across sessions, CA1 and DG neurons in control animals emitted spikes relative to the visual cue, but those in Bax-KO mice showed activity that was independent on the location of the visual cue ( Fig. 2A,D) . In control animals, pixel-by-pixel correlation (converted to Z-scores for normalization) (Song et al. 2005 ) between spatial firing rate maps was high between sessions 1 and 3 (CA1: n = 37, z = 0.84 6 0.08, DG: n = 23, z = 0.57 6 0.09), in which the visual cue card was on the same location, but low between sessions 1 and 2 (CA1: z = 0.09 6 0.07, DG: z = 0.15 6 0.08) and sessions 2 and 3 (CA1: z = 0.20 6 0.07, DG: z = 0.16 6 0.06), in which the visual cue card was on different locations. In contrast, correlations were similarly low across all three comparisons in Bax-KO mice (39 CA1 and 28 DG neurons; CA1: z = 0.23 6 0.01, DG: z = 0.15 6 0.08, CA1: z = 0.28 6 0.01, DG: z = 0.18 6 0.04 and CA1: z = 0.24 6 0.01, DG: z = 0.23 6 0.05 for sessions 1 vs. 2, 1 vs. 3, and 2 vs. 3, respectively; Fig. 2B ,E). The spatial correlation across sessions 1 and 3 was significantly different between the two genotypes (twoway ANOVA; CA1: main effect of genotypes, F (1,74) = 2.958, P = 0.090, main effect of session pairs, F (2,148) = 49.216, P < 0.001, effect of genotype 3 session pair interaction, F (2,148) = 38.895, P < 0.001; post-hoc Bonferroni comparisons across genotypes: sessions 1 and 2, P = 0.110, sessions 1 and 3, P < 0.001, sessions 2 and 3, P = 0.655; DG: main effect of genotypes, F (1,49) = 3.715, P = 0.060, main effect of session pairs, F (2,98) = 8.864, P < 0.001, effect of genotype 3 session pair interaction, F (2,98) = 9.676, P < 0.001; posthoc Bonferroni comparisons across genotypes: sessions 1 and 2, P = 0.968, sessions 1 and 3, P < 0.001, sessions 2 and 3, P = 0.323). Role of dentate gyrus in spatial map alignment www.learnmem.org Rotation correlation scores (Knierim 2002; Song et al. 2005) , which measure the rotation angle of the second firing rate map that produces the highest correlation score, were strongly clustered near 90°between sessions 1 and 2 and between sessions 2 and 3, but near 0°between sessions 1 and 3 in control animals, whereas they were broadly distributed and only weakly clustered near 0°across all sessions in Bax-KO mice (Fig. 2C,F) . The distribution of rotation correlation scores was significantly different between the two genotypes (rank-sum test, sessions 1 and 2, CA1: P < 0.001, DG: P = 0.027; sessions 2 and 3, CA1: P < 0.001, DG: P = 0.002; sessions 1 and 3, CA1: P < 0.001) except for the DG units across sessions 1 and 3, which showed the same trend (P = 0.052). In control animals, the direction of the mean vector was 75.55°(CA1) and 51.62°(DG) between sessions 1 and 2; 67.62°( CA1) and 69.44°(DG) between sessions 2 and 3; and 1.63°(CA1) and 347.16°(DG) between sessions 1 and 3. Substantial deviations of the mean vector from 90°between sessions 1 and 2 and between sessions 2 and 3 were because of a small number of cells that maintained their spatial firing relative to the recording room (''partial remapping'') (e.g., Knierim 2002 ). There were 27 (out of 37) CA1 and 11 (out of 23) DG neurons with the rotation correlation score within 90 6 30°between sessions 1 and 2, which were significantly above chance (binomial test, P < 0.001 for both regions). Similarly, there were 26 CA1 and 13 DG neurons with the rotation correlation score within 90 6 30°between sessions 2 and 3, which were significantly above chance (binomial test, P < 0.001 for both regions). Between sessions 1 and 3, the rotation correlation score was significantly clustered near 0°(n = 31 CA1 and 15 DG neurons within 0 6 30°, respectively; binomial test, P < 0.001 for both regions). These results further demonstrate the dependence of neuronal discharge on the location of the visual cue in WT littermates.
Unlike in WT littermates, the direction of the mean vector was close to 0°across all sessions in Bax-KO mice (CA1: 14.31°, 3.54°, and 1.58°for sessions 1 and 2, 2 and 3, and 1 and 3, respectively; DG: 2.90°, 2.94°, and 6.74°for sessions 1 and 2, 2 and 3, and 1 and 3, respectively; Fig. 2C,F) . Although rotation correlation scores were broadly distributed, the length of the mean vector was significantly larger than 0 in all conditions (Rayleigh test; CA1: P = 0.010, 0.010, and 0.014 for sessions 1 and 2, 2 and 3, and 1 and 3, respectively; DG: P = 0.002, 0.006, and 0.033 for sessions 1 and 2, 2 and 3, and 1 and 3, respectively). Across sessions 1 and 2, there were only five and four CA1 and DG neurons, respectively, with the rotation correlation score within 90 6 30°, which was not significantly above chance (binomial test; P = 0.802 and 0.709 for CA1 and DG, respectively). On the other hand, the numbers of neurons with the rotation correlation score within 0 6 30°(n = 11 CA1 and 11 DG neurons) were, albeit small, significant (binomial test, P = 0.050 and 0.004, respectively). Similarly, for the other session pairs, the rotation correlation score was significantly clustered near 0°(sessions 2 and 3: n = 18 CA1 and 13 DG neurons within 0 6 30°, P < 0.001 for both regions; sessions 1 and 3: n = 13 CA1 and 10 DG neurons within 0 6 30°; P = 0.008 and 0.012, respectively), but not near 90°(sessions 2 and 3: n = 6 CA1 and 4 DG neurons within 90 6 30°; P = 0.651 and P = 0.709, respectively; sessions 1 and 3: n = 5 CA1 and 3 DG neurons within 90 6 30°; P = 0.802 and 0.868, respectively) in Bax-KO animals. The different distributions of rotation correlation scores between Bax-KO mice and WT littermates were not because of different selectivity of spatial firing (Supplemental Text Section 2; Supplemental Fig. S2 ). These results show that hippocampal neurons in Bax-KO mice fired independent of the location of the visual cue and instead, tended to fire at the original location with respect to the recording room.
Performance in water maze
The above results predict impaired landmark-based navigation in Bax-KO mice. We therefore compared spatial learning of control and Bax-KO mice in a Morris water maze task. Both genotypes (seven Bax-KO mice and eight WT littermates, 6 mo old, batch 1) improved their performance similarly over the course of 6 d of training (three trials per day), as indexed by the latency to escape to a submerged platform (two-way ANOVA, main effect of training session: F (5,65) = 18.142, P < 0.001, no significant effect of genotype: F (1,13) = 0.578, P = 0.461; no significant interaction: F (5,65) = 0.185, P = 0.967; Fig. 3B ). However, in the probe trial on the seventh day, in which the platform and distal visual cues were rotated 144°clockwise with respect to the testing room and the entry point (Fig. 3A) , the escape latency of Bax-KO mice was significantly longer than that of WT littermates (t-test, t (13) = 4.569, P = 0.001; Fig. 3B ). Thus, Bax-KO mice relied less on the landmarks in finding the escape platform in spite of normal vision (Supplemental Text Section 3; Supplemental Fig. S3 ). When we measured the average distance of the animal from the original platform location (Gallagher et al. 1993; Maei et al. 2009 ) on day 7, it was significantly shorter for Bax-KO mice (t-test; all trials, t (40) = 3.183, P = 0.003, first trial only, t (12) = 2.698, P = 0.019; Fig. 3C,D) , indicating that Bax-KO mice tended to navigate to the old goal location with respect to the testing room.
Performance on radial maze
Another batch of animals (five WT littermates and five Bax-KO mice, 8-10 mo old, batch 2) was tested in a spatial reference memory task on a six-arm radial maze. Both genotypes improved their performance over the course of 8 d of training (four trials per day), as indexed by the number of errors (visiting nonrewarding arms, two-way ANOVA; main effect of training session, F (7,56) = 4.429, P = 0.001; no significant effect of genotype, F (1,8) = 0.017, P = 0.899; no significant interaction, F (7,56) = 0.805, P = 0.587; Fig.  4A ) and the latency to reach the goal location (two-way ANOVA; main effect of training session, F (7,56) = 5.747, P < 0.001; no significant effect of genotype, F (1,8) = 3.508, P = 0.098; no significant interaction, F (7,56) = 1.699, P = 0.128; Fig. 4B ), which is consistent with our previous finding (Kim et al. 2009 ). On the subsequent days (days 9 and 10), we rotated together the maze and the surrounding visual cues (also the target arm) trial-by-trial in a random manner in steps of 60°. Compared with control animals, Role of dentate gyrus in spatial map alignment www.learnmem.org Bax-KO mice were severely impaired in this task on the ninth day (Fig. 4A,B) .
Unlike in the water maze experiment, however, no significant tendency was observed for Bax-KO mice to choose the original goal arm relative to the testing room on the ninth day (t-test; all trials, t (38) = 1.389, P = 0.173; first trial, t (8) = 1.134, P = 0.290; Fig. 4C,D) . Also, on the next day (day 10), the performance of Bax-KO mice was similar to that of WT littermates (two-way ANOVA, number of errors: main effect of training session, F (1,8) = 12.626, P = 0.007, significant effect of genotype 3 session interaction, F (1,8) = 8.160, P = 0.021; post-hoc Bonferroni comparison across genotypes, day 9, P = 0.010, day 10, P = 0.464; latency: main effect of training session, F (1,8) = 16.645, P = 0.004, significant effect of genotype 3 session interaction, F (1,8) = 9.581, P = 0.015; post-hoc Bonferroni comparison across genotypes, day 9, P = 0.019, day 10, P = 0.952; Fig. 4A,B) . Examination of trial-by-trial performance following maze rotation revealed gradual improvement in the performance of Bax-KO mice, but not of control mice (linear regression analysis, number of errors; Bax-KO mice: P < 0.001; WT littermates: P = 0.383; latency, Bax-KO: P < 0.001; WT littermates: P = 0.319), indicating that new learning took place in Bax-KO mice but not in WT littermates (Fig. 4A,B , gray-shaded insets).
Discussion
Role of DG in aligning internal spatial map to external landmark Distal visual cues in general exert strong control over spatial firing of hippocampal neurons. In WT littermates, as expected, discharge locations of the majority of CA1 and DG neurons were anchored to a distal visual cue. On the other hand, in Bax-KO mice, spatial firing of hippocampal neurons was completely dissociated from the visual cue, which was not attributable to impaired vision or low spatial selectivity of hippocampal neuronal activity. Behaviorally, upon the rotation of a maze, Bax-KO mice were impaired in finding a target location based on visual cues. However, when needed, Bax-KO mice were capable of landmarkbased spatial learning on the radial maze, suggesting that the original deficit is not because of a failure to represent external landmarks but because of a failure to use this information for spatial navigation. These results provide converging evidence that the DG is involved in binding animal's internal spatial representation with the sensory information on external landmarks. It would be important for future studies to examine how this function of the DG is related to other proposed functions of the DG. For example, our results are compatible with the ''pattern separation'' role of the DG (for review, see Kesner 2007; Treves et al. 2008) , because formation of environment-specific spatial maps will allow fine discrimination of spatial locations where important events took place.
Not only DG, but also CA3, has been proposed to play a role in binding internal spatial maps with the sensory information on external landmarks (Redish 1999; Hargreaves et al. 2005; Knierim et al. 2006; Kerr et al. 2007 ). However, we failed to find any structural or functional abnormality in the direct EC projection pathway to CA3 in Bax-KO mice (Kim et al. 2009 ). Although we cannot rule out the possibility that abnormal firing characteristics of DG granule cells significantly affected CA3 neuronal activity in Bax-KO mice, our results suggest that the direct EC-CA3 pathway alone is insufficient to support internal spatial map-external landmark association. On the other hand, mice lacking an NMDA receptor subunit specifically in CA3 showed well-maintained positional firing of CA1 neurons when they were returned to the original recording arena, and these animals showed intact spatial learning in a Morris water maze task but were impaired under a partial cue condition (Nakazawa et al. 2002) , suggesting that they employed map-based navigation with the reference framework bound to external landmarks. Thus, whereas the contribution of CA3 to this process cannot be excluded, our results suggest that intact DG is required in binding together internal spatial maps and external landmarks. The anatomy and physiology of the DG are also consistent with the possibility. The synapses formed by direct EC projections comprise the major population for granule cells (;80%) (Amaral et al. 1990; Amaral and Witter 1995) , suggesting strong influences of direct EC inputs on granule cell discharge. In addition, the threshold for the activation of granule cells is relatively high (Lomo 1971) , raising the possibility that granule cells are activated only when sufficiently strong inputs from both the medial and lateral EC converge.
Interestingly, when needed, Bax-KO mice were capable of landmark-based spatial learning. It is possible that landmark-based spatial learning was mediated by the direct EC-CA1 projection system in Bax-KO mice. This pathway has been shown to be able to support incremental spatial learning (Nakashiba et al. 2008) . Alternatively, the EC-CA3 projection pathway or disrupted DG of Bax-KO mice might be able to support landmark-based spatial learning with extended training. Finally, we cannot rule out the possibility that Bax-KO mice, upon a failure to find a goal location based on dead reckoning, switched their behavioral strategy so as to simply approach toward a visual cue that was near the target arm rather than to employ map-based navigation (taxon vs. locale navigation) (O'Keefe and Nadel 1978; Redish and Touretzky 1997) , which can be supported by the basal ganglia (Packard and Knowlton 2002) .
Internal spatial representation based on dead reckoning
What was the navigation strategy employed by Bax-KO mice and how was spatial firing constructed in Bax-KO mice without relying on external landmarks? Considering a large body of evidence Role of dentate gyrus in spatial map alignment www.learnmem.org indicating the capability of humans and animals in building allocentric spatial representations based on their own body movement (O'Keefe and Nadel 1978; Gallistel 1990; Redish 1999; Etienne and Jeffery 2004) , one obvious candidate is dead reckoning. This is also supported by the characteristics of grid cells found in the medial EC that suggest the representation of dead reckoning-based spatial maps in this brain structure (Hafting et al. 2005; Sargolini et al. 2006) . Our results are in general consistent with this possibility. Spatial firing in Bax-KO mice tended to stay constant relative to the recording room, and Bax-KO mice tended to visit the original platform location in the water maze upon the rotation of visual cue(s). Although this tendency was not observed in the radial maze task, this might be due to the fact that the degree of freedom of movement was too low to reveal the animal's navigation strategy. Spatial firing/navigation in reference to the testing room allows only two explanations: the use of dead reckoning strategy or unknown room-bound sensory cues. We can exclude the use of local cues in the physiological experiment because the arena itself was rotated and the floor paper was replaced between sessions. It is also unlikely that Bax-KO mice used room-bound olfactory or auditory cues in the recording arena or in the water maze because (1) we controlled potential roombound cues in a careful manner, (2) Bax-KO animals were indifferent from WT animals in auditory and olfactory sensitivity (Supplemental Text Section 3; Supplemental Fig. S3 ), and (3) it is difficult to imagine that Bax-KO mice relied on other faint (if such existed) sensory cues ignoring distinct visual cues in spite of normal vision (Supplemental Text Section 3; Supplemental Fig.  S3 ). Then, unless we assume that Bax-KO mice used an unknown earthbound sense of direction, which a large body of behavioral studies failed to find, it would be reasonable to conclude that Bax-KO mice relied on dead reckoning in navigating toward the hidden platform and maintaining spatial firing of hippocampal neurons.
A potential problem for the argument that dead reckoning was behind spatial firing of hippocampal neurons as well as spatial navigation of Bax-KO mice is the difference in spatial precision. Whereas Bax-KO mice were as good as control animals in finding a target location when dead reckoning was allowed, spatial firing of hippocampal neurons in Bax-KO mice was poorly correlated across sessions. Although the reason for this difference is currently unclear, it might be because of different experimental procedures between the physiological and behavioral experiments. Most importantly, animals were not required to keep track of their positions in the physiological experiments, because there was no specific goal to find. Also, the entry point into the maze was precisely fixed in the behavioral experiments, whereas it was more variable in the physiological experiments. Finally, unit recording persisted longer (10 min) than the animal's goal-searching behavior (typically <1 min), which might have caused drifting of place fields in Bax-KO mice due to cumulative dead reckoning errors (Gallistel 1990; Etienne and Jeffery 2004) . Spatial firing of hippocampal neurons in Bax-KO mice might be more strongly bound to the recording room if these factors are controlled.
Strong influence of trisynaptic pathway on discharges of CA1 neurons
Inconsistent results have been reported on the relative importance of the direct EC-CA1 projection vs. the trisynaptic circuit pathway in driving spatially selective firing of CA1 neurons (Brun et al. 2002 (Brun et al. , 2008 Nakashiba et al. 2008; Suh et al. 2008) . Our results show that abnormal features of granule cell spatial firing (low spatial selectivity and independence on visual cue) are faithfully reflected in spatial firing of CA1 neurons in Bax-KO mice despite intact synaptic transmission and long-term synaptic plasticity in EC-CA3 and CA3-CA1 projection pathways (Kim et al. 2009 ). It might be argued that the trisynaptic circuit pathway exerts abnormally strong influences on CA1 neuronal activity in adult Bax-KO mice, because they have many more granule cells than WT littermates. This is unlikely, however, because synaptic connectivity is adjusted in adult Bax-KO mice so that the total number of mossy fiber synapses onto CA3 neurons remains similar to that in WT littermates (Buss et al. 2006; Kim et al. 2009 ). Moreover, a previous study has shown that mice with selective loss of an NMDA receptor subunit in the DG have broadly tuned CA3 place cells (McHugh et al. 2007 ). Our results therefore suggest that the trisynaptic circuit pathway exerts stronger influence on spatial firing of CA1 neurons compared with the direct EC layer III projection to CA1, with the caveat that we have yet to examine synaptic transmission/plasticity of the direct EC-CA1 projection in Bax-KO mice. This is consistent with a much larger number of CA3-CA1 synapses compared with EC-CA1 synapses (Amaral et al. 1990) , and the fact that the perforant path input to CA1 forms distal synapses so that it is hard to drive CA1 neuronal discharges without CA3-CA1 input activity (Jarsky et al. 2005) . However, in vitro physiological and modeling studies have suggested nonlinear interactions between the perforant path and trisynaptic circuit pathway in activating CA1 neurons (Remondes and Schuman 2002; Jarsky et al. 2005) . Thus, it remains to be determined how exactly the trisynaptic circuit pathway works together with the perforant path input in determining CA1 neuronal activity in vivo.
Materials and Methods Animals
Bax-KO mice were maintained on a C57BL/6 background. Homozygous Bax-deficient (Bax-KO) and WT littermate mice were generated from matings between heterozygous males and females. Sibling animals were collected individually and genotyped by PCR (Knudson et al. 1995) . Only those animals at 6-10 mo of age were used in the present study because DG circuit disruption becomes clear in Bax-KO mice at 6 mo of age (Sun et al. 2004; Kim et al. 2009 ). Separate groups of animals were used in behavioral (12 Bax-KO mice and 13 WT littermates) and physiological (nine Bax-KO mice and 14 WT littermates) experiments. All experiments were carried out in accordance with the regulations and approval of the Ethics Review Committee for Animal Experimentation of Ajou University School of Medicine.
Behavior
Morris water maze task
The water maze (diameter, 1.55 m) containing a hidden platform (diameter, 20 cm) 20 cm away from the wall, was filled with opaque water. The maze was surrounded by a black circular curtain (diameter, 2 m) that contained five distinct visual cues (Fig. 3A) . The animals were hand-carried from a designated location in the testing room to the maze without any disorientation, and the entry point through the curtain stayed constant relative to the testing room throughout the experiment. This procedure was to allow the animals to solve the task based on visual cues as well as dead reckoning. However, they were released at three different locations (three quadrants where the escape platform was not located) in random order so that the hidden platform could not be found based on a simple response strategy. The animals were allowed to find the hidden platform for 1 min. If the animals could not find the platform within 1 min, they were guided to the platform and remained there for 1 min. Animals were trained three times a day for 6 d. On the seventh day (probe trial), the curtain (and also the visual cues) and the location of the hidden platform were rotated 144°clockwise and the animal's performance was tested.
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Spatial reference memory task on radial maze
The six-arm radial maze consisted of a central platform (diameter, 15 cm) and six arms (length, 35 cm; width, 5 cm; height of transparent walls, 20 cm). The maze was surrounded by a white curtain that contained five distinct visual cues (Fig. 4) . The animals were water-deprived and motivated to find the water reward (volume, 20 mL) at the end of one (and always the same) arm. They were allowed to search for the target location until they found it. As in the water maze task, the animals were hand-carried from a designated location in the testing room to the maze without any disorientation, and the entry point through the curtain stayed constant relative to the testing room throughout the experiment. The animals were introduced to the center of the maze and confined there for 30 sec surrounded by a 20-cm-high black cylinder (diameter, 14 cm) that blocked the animal's view of the visual cues before each trial began. Following 8 d of training (four trials per day), the maze, the surrounding curtain (and visual cues), and the target arm were rotated randomly in steps of 60°in each trial to test whether animals relied on visual cues in finding the target location.
Neurophysiology
Four tetrodes were chronically implanted in the left or right dorsal hippocampus (1.7 mm posterior and 1.5 mm lateral to bregma) of mice (14 WT littermates and nine Bax-KO mice, 6-8 mo old) to record single unit activity from CA1 (nine WT littermates and seven Bax-KO mice) and DG (seven WT littermates and three Bax-KO mice; both CA1 and DG neurons were recorded sequentially from two WT littermates and one Bax-KO mouse). In each recording session, animals were allowed to freely explore a circular arena (diameter, 30 cm; height, 40 cm) made of a black wall with one quarter of the wall covered with a white board that served as a visual cue. Unit signals were recorded in the following sequence: session 1 (10 min), intersession interval (10 min); session 2 (10 min, the arena was rotated 90°counterclockwise), intersession interval (10 min); session 3 (10 min, the arena was rotated back to its original configuration). Fresh paper was placed on the floor before each recording session to avoid potential influence of odor cues across sessions. Unit signals were also recorded for ;5 min on a pedestal outside the circular arena both before and after the main recording sessions to ensure the stability of recorded unit signals. Unit signals were amplified 10,0003, filtered between 600 and 6000 Hz, digitized at 32 kHz, and stored on a personal computer using the Cheetah data acquisition system. EEG was recorded through one channel of each tetrode while recording unit signals from the cell body layer. EEG signals were amplified 500-10003, filtered at 1-475 Hz, and digitized at 1 kHz. Skull screws were used as the reference electrode for both unit and EEG recordings. The animal's head position was also monitored by tracking a lightemitting diode mounted on the headstage at 60 Hz. When recordings were completed, small marking lesions were made by passing an electrolytic current (30 mA, cathodal, 10 sec), and recording locations were verified histologically as previously described (Song et al. 2005 ).
Analysis
Relative u power was quantified by performing fast Fourier transforms on EEG data and calculating the relative power of 6-9 (low frequency component) and 9-12 Hz (high frequency component) u bands. Unit signals were isolated off-line based on various spike waveform parameters using the MClust software (AD Redish; Supplemental Fig. S4 ). Those units recorded in CA1 were classified into complex spike cells (mean firing rate, <5 Hz; spike width, >250 msec; and occasional bursts) and u cells (the rest), and those recorded in the DG were classified into putative granule cells (mean firing rate, <3.5 Hz; spike width, > 250 msec; and occasional bursts) and putative interneurons (the rest). Only complex spike cells (CA1) (Ranck Jr 1973) and putative granule cells (DG) ( Jung and McNaughton 1993) with a mean firing rate >0.1 Hz in at least one of three recording sessions were included in the analyses (CA1: n = 46 and 51 for control and Bax-KO mice, respectively; DG: n = 34 and 30 for control and Bax-KO mice, respectively).
When we compared spatial firing between sessions (i.e., computing spatial firing rate map correlation and rotation correlation score), only complex spike cells and putative granule cells with a mean firing rate >0.1 Hz in all three recording sessions were included in the analyses (CA1: n = 37 and 39 for control and Bax-KO mice, respectively; DG: n = 23 and 28 for control and Bax-KO mice, respectively). Spatial firing rate maps were constructed by dividing the 85.0 3 63.7 cm rectangle containing the circular arena into 80 3 60 pixels, and calculating the firing rate for each pixel based on an ''adaptive binning'' procedure ( Jung et al. 1994) . A place field was defined as a group of 10 or more adjoining pixels with the average firing rate of each pixel exceeding three standard deviations above the mean firing rate. Pixel-by-pixel correlations between firing rate maps were computed and then transformed to Fisher's z for normalization as previously described (Song et al. 2005) . The rotation correlation score (Knierim 2002; Song et al. 2005) was quantified by calculating pixel-by-pixel correlation of firing rate maps between two sessions while rotating the firing rate map of the second session by 0°;350°at 10°intervals. The rotation angle that produced the highest correlation was taken as the rotation correlation score. Spatial information content per spike was calculated as previously described (Skaggs et al. 1993) .
Statistical analysis
Student's t-test (two-tailed) and two-way ANOVA (repeated measure) were used for statistical comparisons. Rayleigh test, a ranksum test, and a binomial test were employed to examine statistical significance of rotation correlation scores (Batschelet 1981) . A P-value <0.05 was used as the criterion for a significant statistical difference. All data are expressed as mean 6 SEM.
